Neurons in the songbird forebrain area HVc (hyperstriatum ventrale pars caudale or high vocal center) are sensitive to the temporal structure of the bird's own song and are capable of integrating auditory information over a period of several hundred milliseconds. Extracellular Temporal order is an important code in many acoustic signals including speech, music, and animal vocalizations, but little is known about the neural representation of temporal order or its underlying cellular mechanisms. Auditory neurons that are sensitive to temporal order have been found in several species, such as the squirrel monkey (1-3), guinea fowl (4), and cat (5, 6), but the most complex tuning yet discovered is in the songbird.
ABSTRACT
Neurons in the songbird forebrain area HVc (hyperstriatum ventrale pars caudale or high vocal center) are sensitive to the temporal structure of the bird's own song and are capable of integrating auditory information over a period of several hundred milliseconds. Extracellular studies have shown that the responses of some HVc neurons depend on the combination and temporal order of syllables from the bird's own song, but little is known about the mechanisms underlying these response properties. To investigate these mechanisms, we recorded intracellular responses to a set ofauditory stimuli designed to assess the degree of dependence of the responses on temporal context. This report provides evidence that HVc neurons encode information about temporal structure by using a variety of mechanisms including syllable-specific inhibition, excitatory postsynaptic potentials with a range of different time courses, and burst-firing nonlinearity. The data suggest that the sensitivity of HVc neurons to temporal combinations of syllables results from the interactions of several cells and does not arise in a single step from afferent inputs alone.
Temporal order is an important code in many acoustic signals including speech, music, and animal vocalizations, but little is known about the neural representation of temporal order or its underlying cellular mechanisms. Auditory neurons that are sensitive to temporal order have been found in several species, such as the squirrel monkey (1-3), guinea fowl (4), and cat (5, 6) , but the most complex tuning yet discovered is in the songbird.
Neurons in the songbird forebrain nucleus HVc (hyperstriatum ventrale pars caudale or high vocal center) show a preference for the bird's own (autogenous) song over conspecific songs and are sensitive to manipulations affecting the spectral and temporal structure of the song (7) (8) (9) . These HVc cells can integrate auditory information over hundreds of milliseconds (8, 10) . Studies of these "song-specific" neurons have shown that many of them have responses that require the normal sequence of two or three song syllables (10) .
Some properties of HVc cells are illustrated in Fig. 1 . This manipulation preserves the spectral structure of the song, but completely alters its temporal structure. The cell also fails to respond when the order of the song syllables is reversed (Right), but each syllable still appears as it does in the forward song. This manipulation preserves the local temporal structure within each syllable but alters the global temporal structure of the whole song. These data indicate that the cell is sensitive not only to the spectral profile of a song syllable but also to the auditory temporal context. (b) Temporal combination sensitivity is illustrated here by the extracellular responses of the same HVc cell to syllables from the bird's own song. The sonograms and corresponding oscillograms of the two syllables are shown on the left. The oscillogram and syllable labels are plotted below each peristimulus time histogram. The data are taken from 10 interleaved presentations. The cell is combination sensitive because the response to the syllable pair AB is greater than the sum of the response to A and B alone. The cell is also sensitive to the temporal order of the stimuli, since it shows no response to the pair BA. The response is also not simple facilitation, because there is also no response to AA or to BB.
7.4)] or whole-cell patch electrodes (6-12 Mfl, filled with 140 mM potassium gluconate/10 mM Hepes/4 mM MgCl2/0.1 mM CaCl2/1.1 mM EGTA/3 mM Na2ATP/2 mM NaGTP, pH 7.4, and adjusted to 300-330 milliosmolar). Both intracellular and patch electrodes were pulled on a Flaming-Brown model P-87 micropipette puller (Sutter Instruments, Navato, CA). In some experiments, 1.75% biocytin was added to the pipette solution to stain the cells. Intracellular potentials were amplified with an Axoclamp 2A amplifier (Axon Instruments, Foster City, CA), filtered at 10 kHz, and digitized at a sampling rate of 32 kHz for computer analysis.
The stimuli (autogenous song and its manipulations, white noise, and pure tones) were presented in free field conditions with a calibrated speaker (JBL, Northridge, CA) in a sound attenuation chamber (Industrial Acoustics, Bronx, NY). The peak amplitude of the stimuli was between 60 and 70 decibels sound pressure level. (8, 11) , thus it is important to establish whether specific stimuli can differentially evoke inhibitory postsynaptic potentials (IPSPs). An example of syllable-specific inhibition from extracellular records is shown in Fig. 2a . When syllable B was presented alone, it appeared not to affect the cell. When syllable A was preceded by B, however, the response normally evoked by A was completely abolished.
Intracellular evidence for syllable-specific inhibition is shown in Fig. 2 b and hyperpolarization during the middle of the song (Fig. 2b) resulted from the action potentials during the prior excitation, a current of -200 pA was injected into the cell during the song to hyperpolarize it to -85 mV. This manipulation prevented action potentials and also reversed the hyperpolarization (Fig.  2c) . The reversal of the hyperpolarization near resting potential is consistent with GABAergic Cl--mediated IPSPs.
Syllable-specific inhibition is also evident (see Fig. 4a ) in response to syllable A. Although the holding time for this cell did not permit reversal of the putative IPSP, it is unlikely the hyperpolarization seen after syllable A was due to the weak depolarization during the syllable, since a similar amount of depolarization by syllable B did not evoke any hyperpolarization.
Long-Lasting Depolarizations. Typical depolarizations in response to stimuli persisted beyond stimulus offset by 50-100 ms, but we did observe depolarizations lasting more than several hundred milliseconds beyond the stimulus (Fig. 3) . It is possible that the time course of the depolarization reflects the time constant of the cell membrane, but the responses to current pulses (Fig. 3 Inset) indicate that the time constant of the cell was much less than that of the stimulus-driven depolarization.
Bursting. Some HVc cells fired three to six action potentials in a high-frequency burst. Bursting occurs most frequently to forward song, and the bursts' are often synchronized with particular syllables in the song. Burst firing was also seen in some TCS cells. One example is shown in Fig. 4a . The cell produced a burst of action potentials after every presentation of the syllable pair AB, but never burst in response to A or B alone. In terms of spike rates, all stimuli except AA show a significant response (P < 0.01) when compared with the background firing rate.
One explanation for the temporal combination sensitivity in Fig. 4a is that a combination of inhibition followed by excitation produces the burst firing (12, 13 ). This hypothesis was tested directly with current injections. First a depolarizing current level was found that produces regular spiking. Then, prior to the depolarizing pulse, a series of hyperpolarizing current pulses was injected into the cell to see whether the firing pattern was altered. The cell in Fig. 4a was given a series of hyperpolarizing current injections ranging from -100 pA to in the HVc is of the high-threshold type by showing that bursts could be evoked by strong current injection but did not require prior hyperpolarization. The auditory responses of the cell in Fig. 4b , however, are inconsistent with high-threshold bursting, because when the cell bursts in response to the syllable pair AB, the amount of depolarization resulting from syllable B when it is preceded by A (i.e., hyperpolarized) should be less than when syllable B is presented alone. Thus, if the cell bursts in response to AB, it should also burst in response to B. Fig.  4a , however, shows no sign of bursting in response to syllable B. One possible explanation is that this results from network interactions, for example, if the additional excitation required to elicit a burst is suppressed when syllable B is presented alone but is present when B is preceded by A. One way the excitation could be suppressed is if the recorded cell is inhibited by a cell that responds to syllable B but is also inhibited by syllable A. a maximum of -800 pA with a duration ranging from 150 ms to 200 ms. Each hyperpolarizing current injection was followed by a depolarizing current injection ranging from 100 to 400 pA with a duration of 100 ins. In none of these tests was it possible to elicit burst firing. One example is shown in (Fig. 4b) . It was also evident that the mechanisms underlying the bursting were still intact, since the cell continued to burst spontaneously. Similar tests were performed on other HVc cells (n = 11) that showed burst firing, but in no case was it possible to elicit bursting with hyperpolarization followed by suprathreshold depolarization. One possible explanation for this is that the mechanisms underlying burst firing are located in the distal parts of the dendritic tree, and space clamp limitations preclude control of those mechanisms from the recording site in the soma. Fig. 1 , successive presentations of the second (depolarizing) syllable in a combination produce no response. The conditions under which a response to BB would be expected indicate some of the complexity that is possible with these simple models. One condition is that the time course of the response to syllable B must be long relative to the syllable duration for the two currents to add. A second condition is that the depolarization in response to B be large enough for the syllable pair BB to produce a response. Some of the response properties to individual syllables can be deduced from extracellular recordings. Unambiguous information, however, is difficult to obtain without recording intracellularly.
Although in our intracellular recordings we have observed rebound from inhibition in a cell ventral to the HVc (data not shown), thus far, we have not observed a case in which rebound has played a direct role in temporal combination sensitivity. Also, there were no obvious examples of rebound in the cells that showed a response to song. This type of mechanism does exist in the bat inferior colliculus (15) where the coincidence of rebound from inhibition and delayed excitation has been shown to underly a neural sensitivity for sound duration.
Intracellular recordings of HVc cells obtained in vitro have thus far shown no evidence of rebound from inhibition (14) . This does not rule out the possibility, however, that inhibitory rebound occurs prior to the HVc and, therefore, underlies some form of context sensitivity.
The results presented here indicate that temporal combination sensitivity arises from the interaction of syllable-specific excitatory postsynaptic potentials (EPSPs) One hypothesis that is consistent with these observations is that temporal combination sensitivity arises from the interaction of several cells, in contrast to arising from the convergence of monosynaptic inputs from afferent cells that are selective for particular syllables. While the latter possibility cannot be ruled out, and the existing mechanisms could accommodate such a circuit, the present data are perhaps best explained by an interactive network model. An example of such a circuit is shown in Fig. 5 All of the mechanisms described here could be combined in various ways to yield a wide variety of sensitivities to temporal context. It is likely that many of the responses observed cannot be explained simply through temporal combination sensitivity, and the complexity of the tuning reflects a larger-scale network-level code. Although the functional significance of the response properties observed in the HVc of the adult bird is not clear, there is evidence that song-specific neurons arise during the song learning process (18, 19) , suggesting that song-specific neurons may play some role in the song learning process which requires auditory feedback for normal song to develop. Understanding the mechanisms underlying the encoding of temporal order may elucidate aspects of the vocal learning process and provide insight into how the songbirds learn and memorize songs from auditory experience.
